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Abstract 
Solution-annealed AISI 316L steel was fatigued with constant plastic strain amplitudes at room temperature and 
under various conditions at depressed temperatures down to 113 K to reveal its stability against deformation-induced 
martensite formation. Microstructural changes induced by fatigue were characterized by transmission electron 
microscopy (TEM), electron channeling contrast imaging (ECCI) and electron backscattering diffraction (EBSD) 
techniques. Neutron diffraction and magnetic induction method were adopted for quantification of martensite content. 
Deformation-induced martensite formation in the bulk of material was evidenced for low temperature cyclic straining 
under various conditions. Room temperature cycling, even with high plastic strain amplitudes, results in a local very 
limited martensite formation in areas closely linked with the long fatigue crack growth. 
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1. Introduction 
316L steel belongs to the AISI 300-series austenitic stainless steels which are widely used in 
engineering practice both at room and elevated but also at cryogenic temperatures [1,2]. The austenitic 
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structure of these alloys is, however, metastable, i.e. some martensitic transformation γĺα’ can occur 
during cooling and/or plastic straining. This can have a beneficial effect on mechanical properties of these 
steels [3] but the presence of ferromagnetic α’ must be avoided in the case of superconducting magnets 
[2]. In addition, some authors suggest that the formation of α’-martensite could be used for non-
destructive life-time monitoring of coolant piping in nuclear power plants [4]. Destabilization of austenite 
during cyclic straining was studied in more detail mainly in less stable 300-series steels (see e.g. [3–7]) 
and high nitrogen 316LN steel (see e.g. [8–10]). Only limited experimental data are available for 316L 
steel cyclically strained at room [4,5,8,11,12] and depressed temperatures [5,8]. 
The aim of the present work is the study of stability of austenite in solution-annealed 316L cyclically 
strained at room and depressed temperatures. Experimental data on microstructural changes obtained by 
various microscopic techniques and volume fraction of deformation-induced martensite are compared and 
discussed with respect to cyclic stress-strain response of this steel fatigued under various conditions. 
2. Experimental 
Austenitic AISI 316L stainless steel was supplied by Uddeholm (Sweden) in the form of a 25 mm 
thick plate in the solution-treated state with the following chemical composition in wt%: 0.018 C, 0.42 Si, 
1.68 Mn, 0.015 P, 0.001 S, 17.6 Cr, 13.8 Ni, 2.6 Mo, rest Fe. The heat treatment (solution annealing at 
1080 °C/water quenching) resulted in an average grain size of 39 m (found using the linear intercept 
method without counting twin boundaries). 
Smooth cylindrical specimens of 8 mm in diameter and 12 mm in gauge length were produced with the 
axis parallel to the rolling direction. After fabrication the specimens were vacuum annealed at 600 °C for 
1 hour. The specimens were cycled in a computer controlled electrohydraulic testing system MTS 810 in 
symmetrical push-pull under strain control at temperatures in the interval from 293 K to 113 K. 
Depressed temperatures with the accuracy better than ± 1 K were achieved in a cryostat mounted in the 
testing machine; its detail description is given elsewhere [13]. 
Three different types of tests with constant low strain rates were adopted in the study (see Table 1). 
Single-strain tests (SST) i.e. constant plastic strain amplitude tests until the failure were performed at 
room temperature and at various depressed temperatures. Multiple step test (MST) with increasing strain 
levels were used for three depressed temperatures. To study the reversibility of the cyclic stress-strain 
response with the changes of temperature a specific constant plastic strain amplitude test at stepwise 
decreasing temperature followed by stepwise increasing temperature (DIT) was applied [13]. 
Microstructural observations were performed using transmission electron microscopy (TEM) in thin 
foils or in the bulk of material by electron channeling contrast imaging (ECCI) and electron 
backscattering diffraction (EBSD) techniques in high-resolution scanning electron microscope equipped 
with field emission gun (SEM–FEG). The foils were cut by spark-erosion either parallel or at an angle of 
45° to the specimen axis and thinned using the standard double-jet technique. Observations were 
performed using a Philips CM-12 TEM operating at 120 kV using a double tilt holder. Bright field 
imaging conditions were adopted and the diffractions patterns and Kikuchi lines were used to determine 
the grain orientation. After completing the martensite content measurements the gauge part of selected 
specimens (see Table 1) was cut by spark-erosion along the plane containing stress axis for additional 
EBSD and ECCI observations. The sectioned surfaces were polished mechanically and electrochemically 
and then observed using a SEM–FEG LEO 1530 ZEISS equipped with an EBSD-system and a retractable 
standard four-quadrant-BSE detector. Surfaces of fatigued specimens were additionally documented by 
SEM–FEG LYRA I or MIRA II from Tescan Co. 
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The volume fraction of deformation-induced martensite was assessed by two different methods – 
neutron diffraction and magnetic induction. Neutron diffraction (ND) measurements were performed at 
MERIDIT instrument located at NPI ěež. A Cu(220) monochromator was used to select neutron 
wavelength of 1.46 Å. Diffraction patterns were collected between 4–148° 2ș with an angular step of 
0.1°. Data were analyzed using the Rietveld method with FullProf program [14]. Magnetic induction 
measurements were done with the Fischer FERITSCOPE MP30 device [7]. The actual α’-martensite 
content cα’ was computed from Ferritoscope (FS) data F (% Ferrite) using relation cα’(mas%)=1.7×F [15].
The FS was applied directly on the surface of cylindrical specimen parts divided into four quadrants 
around their circumference. In each quadrant the measurement was performed in three positions within 
the gauge length – in the middle and close to its both ends. The results of the FS measurements listed in 
Table 1 represent always an average from all above sites. In addition, in the case of specimens fully 
broken-up during fatigue tests, the FS was applied directly on the fracture surfaces. 
3. Results and discussion 
Quantitative measurements of deformation-induced martensite by two different techniques clearly 
show a very good stability of austenite during cyclic straining of 316L steel (see Table 1). No 
deformation-induced martensite was detected in the bulk by ND for room temperature cyclic straining 
even with very high plastic strain amplitude of 5% until fracture. No and/or only limited amount of α’-
martensite (with small variations around the specimen circumference) were found by the FS close to the 
fracture surface. This clearly indicates that deformation-induced martensite formation is primarily 
connected with the growth of long (principal) fatigue cracks. Note that FS measurements on fracture 
Table 1. Fatigue test conditions and results of deformation-induced martensite measurements in cyclically strained 316L steel 
Neutron diffraction (ND) 
measurements (mass%) 
α’-martensite (mass%) 
found by Ferritoscope (FS) 
(averaged) 
Spec
No. 
Test 
type 
Temperature   
T (K) 
Plastic strain 
amplitude εap
Strain 
rate  
ε (s–1) 
ε-
martensite 
α’-
martensite 
Gauge  
length 
Fracture 
surfaces 
11 SST 293 7×10–4 3×10–3 Not  m easu red  0.00 — 
15 SST 293 2×10–3 3×10–3 Not  m easu red  0.00 0.00** 
18 SST 293 5×10–3 3×10–3 0.00 0.00 0.00 — 
16* SST 293 7×10–3 3×10–3 0.00 0.00 0.00 0.24** 
19* SST 293 2×10–2 3×10–3 0.00 0.00 0.10† 0.42** 
20 SST 293 2×10–2 3×10–3 0.00 0.00 0.09‡ 0.47** 
22 SST 293 5×10–2 3×10–3 0.00 0.00 0.12‡ 1.10** 
307 DIT 293ĺ113ĺ293 2×10–3 3×10–3 0.00 0.00 0.45 — 
317* DIT 293ĺ93ĺ293 5×10–3 1.5×10–3 0.00 9.71±0.26 17.71 — 
316* MST 113 2.1×10–4ĺ9.5×10–3 1.5×10–3 9.87±0.43 1.91±0.24 2.59 — 
318 MST 173 4.0×10–5ĺ9.7×10–3 1.5×10–3 0.00 0.00 0.22 — 
319 MST 233 1.0×10–4ĺ9.8×10–3 1.5×10–3 0.00 0.00 0.00 — 
306 SST 233 2×10–3 3×10–3 Not  m easu red  0.12† — 
303 SST 203 2×10–3 3×10–3 Not  m easu red  0.25† — 
305 SST 143 2×10–3 3×10–3 Not  m easu red  0.39† 1.03** 
* After martensite content measurements gauge parts of fatigued specimens were sectioned for ECCI and EBSD observations. 
** Specimens broken-up completely during the fatigue tests. 
† Deformation-induced martensite detected only in the middle of the gauge length of the specimen. 
‡ Only very limited amount of martensite was detected outside of the middle part of the gauge length of the specimen.
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Fig. 4. Microstructure of 316L steel after DIT test with εap = 5×10–3, SEM–FEG. (a) BSE contrast; (b) phase contrast image obtained 
by EBSD mapping of the area indicated in (a) (red = fcc austenite, blue = bcc α’-martensite). 
(a) (b)
Fig. 1. Cyclic hardening/softening curves 
of 316L fatigued at room temperature. 
Fig. 2. Characteristic dislocation structures revealed by TEM in the bulk of 316L steel 
fatigued at room temperature until the end of fatigue life with εap = 1%. 
surface include in some extent also the final static rupture part (in some cases the specimen contraction is 
clearly recognizable), which may increase the quantity of α’-martensite measured. 
The same tendency show results measured after cyclic straining under various conditions at depressed 
temperatures – see Table 1. Substantial amount of deformation-induced martensite in the bulk of 316L 
steel was detected only in two specimens No. 316 and 317 fatigued at the lowest temperatures. In addition 
to results obtained for high-strain room temperature cyclic straining these two specific cases will be 
analyzed and discussed in more detail in the following. 
Cyclic stress-strain response of 316L during SST at room temperature straining is shown in Fig 1. 
Long term softening after a short period of initial hardening is present for low amplitudes. For plastic 
strain amplitudes higher than 0.2% the secondary hardening that follows the initial hardening and a short 
period of softening/saturation is clearly seen. It increases with increasing εap. At the highest amplitudes 
316L steel during cycling hardens continuously. Although it was recently postulated that the saturation 
[11] or secondary cyclic hardening [12] during room temperature cycling is due to formation of α’-
martensite, the TEM and ECCI (not presented here) observations in the bulk of material reveal the true 
reason of this behavior (see Fig 2). In agreement with previous studies on 316L [8,16–18], 316LN [8,9] as 
well as 304L [6,19] steels the dislocation structures typical for high plastic strain amplitudes include 
labyrinth (Fig 2a) and secondary wall structures, and non- and disoriented cells (c.f. Figs 2b,c). 
Whereas previous DIT experiment with low plastic strain amplitude (UD 307 in Table 1) has proved a 
very good reversibility of the cyclic stress-strain response with the changes of temperature (see Fig. 3 in 
[13]), different behavior was detected for higher plastic strain amplitude (UD 317 in Table 1) – see 
Fig 3a. When the temperature was decreased the stress amplitude was suddenly increased with strong 
hardening detectable at 113 K and 93 K. With the subsequent increase of temperature the stress amplitude 
decreases but never achieves the stress found when the temperature was decreasing. Note that the fast 
drop of stress amplitude at the end of the DIT test is due to the growth of a macroscopic crack over the 
(b) (a) 
Fig. 3. Stress amplitude changes in cycling during (a) DIT test with εap = 5×10–3 (UD317) and (b) MST test at T = 113 K (UD316). 
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specimen cross-section. Results of both DIT tests match very well with martensite content measurements 
(see Table 1). Results of microstructural studies obtained for specimen UD317 shows Fig 4. Plates and 
needles of α’-martensite were revealed in the bulk of the material. 
Cyclic stress-strain response of 316L during the MST test at 113 K, performed with low constant strain 
rate of 1.5×10–3, is shown in Fig 3b. This figure shows the plot of the stress amplitude vs. the cumulative 
plastic strain (εp,cum = Σ εapiNi). At almost all levels of plastic strain rapid hardening is followed by a long-
term softening. Just in cyclic straining with the highest level of plastic strain amplitude only hardening is 
present. Results of microstructural studies shows Fig 5. Three different morphologies of martensite 
denoted as A, B, C are shown in Fig 5a. Morphology A, filling only the part of a grain, is a classical plate 
(lenticular) α’-martensite morphology which develops directly from the parent austenite. The same 
morphology was already detected by Vogt et al in 316L fatigued at 77 K [8]. The remaining two 
morphologies are different. Small α’-martensite islands within a twin (B in Fig 5a) are formed at 
intersection of (planar) deformation bands of high dislocation density. The last one, denoted C in Fig 5a 
and shown in detail in Fig 5b,c is formed also at intersections of deformation bands, in a way similar to 
that detected recently in metastable TRIP steels [20]. Contrary to these steels in which ε-martensite was 
evidenced within deformation bands [20], in more stable 316L steel they still have fcc lattice. The 
dissonance with results of ND measurements (see Table 1) needs some additional microstructural studies. 
4. Conclusions 
Experimental study of the stability of austenite in 316L steel cyclically strained at room and depressed 
temperatures allows to draw following conclusions: 
(i) AISI 316L steel exhibits at room temperature a very high stability of austenite during cyclic 
Fig. 5. Microstructure of 316L after finishing MST at 113 K. Inverted ECCI micrographs showing (a) overview with indicated three 
morphologies of deformation-induced martensite and (b) detail of morphology C; (c) EBSD phase map (blue = α’-martensite). 
C 
C
straining even with high plastic strain amplitudes.
(ii) No deformation-induced martensite was detected in the bulk of material during room temperature 
straining. Very limited martensite formation was revealed only on fracture surface produced by the 
growth of long fatigue cracks. 
(iii) Presence of secondary hardening during room temperature cycling is connected with the formation 
of specific dislocation structures involving activation of secondary slip systems. 
(iv) Formation of deformation-induced martensite with three different morphologies in the bulk of 
316L steel was found after low temperature cyclic straining under various conditions. Limited data 
indicate at least three possible ways of α’-martensite formation. 
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